the erythrocyte membrane skeleton exhibits mechanical instability that can be correlated to defective selfassociation of spectrin heterodimers. To detect structural changes in the functional domains of HPP spectrin we have examined the peptide pattern produced by limited tryptic digestion of spectrin extracts from two families that contain three HPP patients. Limited tryptic digestion of all three HPP patients revealed a similar and reproducible decrease in the staining intensity of an 80,000-, and 22,000-, and an 88,000-dalton polypeptide with a concomitant increase in a 74,000-and a 90,000-dalton polypeptide as compared with controls. Only changes in the 80,000-, and 74,000-, and 22,000-dalton polypeptides could be correlated to defective spectrin self-association and the amount of spectrin dimers in 0°C extracts of the HPP patients and their affected kindred. Similar results were obtained when the tryptic digests were analyzed by two-dimensional isoelectric focusing/sodium dodecyl sulfate-polyacrylamide gel electrophoresis with the affected 74,000-and 80,000-dalton polypeptides focusing into multiple spots ranging in isoelectric point from 5.3-5.4. When HPP spectrin dimers and tetramers were separated and subjected to trypsin digestion, changes in the 80,000-, 74,000-, and 22,000-dalton polypeptides were found predominantly in the spectrin dimer pool. Similar results were obtained for spectrin from two of the probands' mother, whom we have identified as an HPP carrier. We
INTRODUCTION
Normal erythrocyte morphology and structural integrity is maintained, in part, by a submembrane skeleton comprised primarily of spectrin, actin, and polypeptide 4.1 (1) (2) (3) (4) (5) . As recently reviewed, the prevailing evidence suggests that the major structural subunits of the skeleton are heterodimers of spectrin a-and #-chains, which by head-to-head self-association form tetramers and, possibly, higher oligomers (1) (2) (3) (4) (5) . The tetramers, in turn, are thought to be assembled into a two-dimensional network via their interaction with band 4.1, which binds to the distal end of the heterodimers and facilitates their binding to actin oligomers.
Under conditions that thermodynamically favor preservation of the native species, spectrin is extracted from normal erythrocyte ghosts as tetramers and highmolecular weight complex with only a small percentage (5±2%) in the heterodimer state (4) (5) (6) . In heterodimer state increases to 30-38% and 15-30%, respectively (7) (8) (9) . The increased level of heterodimers correlates well with the mechanical instability of the HPP membrane skeletons, presumably owing to the reduced ability of spectrin to cross-link other skeletal components.
Limited tryptic digestion of spectrin has been used to identify some of the functional domains of spectrin (10, 11 ). An 80,000-dalton terminal portion of the achain has been reported to contain the domain involved in tetramer formation (11) (12) (13) . Further tryptic cleavage of the 80,000-dalton fragment to 74,000 daltons destroys the ability of this fragment to bind to native spectrin, suggesting that a terminal 6,000-dalton portion is essential for preservation of function (13) . Recently, an atyptical tryptic peptide pattern has been observed in one patient out of four studied with HE (14) . Digestion of spectrin from patients with hereditary spherocytosis, with a variety of enzymes, reportedly produced normal peptide patterns (14, 15) . In this paper we report on the peptide patterns produced by limited tryptic digestion of spectrin from two families with HPP.
METHODS
Clinical material. Three HPP patients from two unrelated Black families and their relatives were examined. Their clinical data fulfilling the criteria of HPP have been described (8, 16) . A summary of the clinical and biochemical data is shown in Table I. Venous blood from these patients  and their kindred was collected into sterile tubes containing  citrate -phosphate -dextrose, or anticoagulant -citrate -dextrose, put on ice, and transported in insulated containers  from Birmingham, AL, to Boston, where it was kept at 40C  and analyzed no later than 3 d. A control sample was sent  along each time. Spectrin extraction. Erythrocyte ghosts were prepared by the method of Dodge et al. (17) . The ghosts were washed once in 0.1 mM NaPO4 (pH 8.0) and resuspended in an equal volume of 0.1 mM NaPO4 (pH 8.0), 0.1 mM EDTA, and 0.1 mM f9-mercaptoethanol. Extracts that were subjected to column chromatography also contained 0.1 mM phenylmethysulfonyl fluoride and 0.1 mM N-a-p-tosyl-L-lysine chloremethyl ketone HCI. After incubation at 0°C for 16 (19) . Nondenaturing gel electrophoresis on 0.3% agarose-2.5% acrylamide gels was performed as described by Liu et al. (20) .
Isoelectric focusing/SDS-polyacrylamide gel electrophoresis (SDS-PAGE). Digestion of trypsin-treated samples was terminated by addition of 1.0 mM DFP and the samples were dialyzed against 9.5 M urea, 2% NP-40, and 5% f3-mercaptoethanol for 6 h at 22°C. Carrier ampholytes (1.6% pH 5-7 and 0.4% pH 3-10, final concentrations) were added, and the samples were electrofocused for 16 h at 400 V in 4% polyacrylamide tube gels (0.4 X 10 cm) containing 1.6% pH 4-6 and 0.4% pH 3-10 carrier ampholytes as described by O'Farrell (21) . SDS-PAGE in the second dimension was performed on 10% acrylamide slab gels (0.3 X 12 X 80 cm) as described by Laemmli (18) . This slab gel apparatus can accommodate six isoelectric focusing tube gels at one time. Perspective line plots of Coomassie Blue-stained two-dimensional isoelectric focusing/SDS-PAGE were generated using a densitometer equipped with a stage that would step the gel 1 mm between scans. The total protein in a spot was determined from the summation of the integrated volume elements in successive scans. The gels were oriented so that SDS-PAGE was the scanning dimension and isoelectric focusing was the stepping dimension.
RESULTS
Reproducibility of tryptic digestion of spectrin from normal volunteers. Digestion of purified spectrin at 0°C with TPCK-trypsin produces a reproducible spectrum of intermediate size peptides with the principle species ranging in molecular mass from 20,000 to 120,000 daltons (Fig. 1) . The quantity of material associated with the high-molecular mass bands (50,000-120,000) decreases with a concomitant increase in the staining intensity of the low-molecular mass bands (22,000-54,000) as the enzyme/substrate ratio was stepwise varied from 1:400 to 1:10. An enzyme/substrate ratio of 1:100 was chosen for subsequent investigation of patient spectrin because all of the bands showed good staining intensity and because changes in the 80,000-dalton peptide reported to be involved in spectrin tetramer formation could be detected (11) (12) (13) 20 h. In addition, the peptide pattern was found to be unaffected by conversion of the tetramers to dimers by incubation of the crude spectrin extracts at 37°C for 20 min (Fig. 2) .
The peptide patterns produced by limited tryptic digestion of 40 normal volunteers were similar and reproducible ( Fig. 1) . Although no variations were observed in the spectrin digests from these individuals in the 70,000-to 110,000-dalton range, some variability was found in lower molecular mass polypep- tides at 34,000, 37,000, 40,000, and 47,000 daltons. Some individuals were found to have either the 34,000-dalton polypeptide, the 37,000-dalton polypeptide, or a variable mixture of both, with the total protein as-'U,"w 3!w w _3 131313* sociated with these two bands remaining constant (Fig.  1 , lanes FM, LS, and AR). This variance was observed with a much higher frequency in the normal Black volunteers. A decrease in the staining intensity of the 47,000-dalton polypeptide was found more frequently in individuals who had the 37,000-dalton polypeptide (Fig. 1, lanes FM and KM) . The 40,000-dalton polypeptide is an extremely minor component of the digests as illustrated in Fig. 1 ; it is present in lane EC and absent in lane BB.
Tryptic digestion of HPP patient spectrin. Limited tryptic digestion of the three HPP patients (N.E., A.B., and D.B.) revealed a similar and reproducible decrease in the staining intensity of the major polypeptide at 80,000 daltons with a concomitant increase in a 74,000-dalton polypeptide as compared with controls (Fig. 3) . Identical results were obtained each time these individuals were studied over a 12-mo period. Densitometer scans of Coomassie Blue-stained gels loaded with an appropriate quantity of protein to give linear color yield for the 80,000-dalton fragment ('40-50,g total protein), indicated that it was reduced by 39±7% (mean±SD for six determinations, two each for N.E., A.B., and D.B.) as compared with controls (22 (Figs. 3-5 ). In addition, one of the proband's mother (E.B.) lacked both the 88,000-and 90,000-dalton polypeptides, while the other proband's mother (C.E.), sister (M.E.), and grandmother (G.E.) all had decreased 88,000-and increased 90,000-dalton polypeptides. FIGURE 7 Perspective line plots of 80,000-and 74,000-dalton spots from the two-dimensional isoelectric focusing/SDS-PAGE shown in Fig. 6 . The gels were oriented so that SDS-PAGE was the scanning dimension and isoelectric focusing was the stepping dimension.
The mothers of the probands had an increase in the amount of protein associated with the 74,000-dalton spots and decrease in the 80,000-dalton spots, which was again intermediate in magnitude between the HPP patients and controls (Figs. 6-8 ). Densitometer scans indicate that the amount of protein associated with the 80,000-dalton spots between pH 5.3 and 5.4 was decreased by 20-27% as compared with controls (Fig. 7) . The father (F.B.) of two of the probands (A.B. and D.B.) showed a shift in the spots at 48,000 daltons comparable to that of his progeny (Fig. 8) . This individual (F.B.) also has an increase in the 37,000-dalton and decrease in the 34,000-dalton polypeptides, which was frequently observed in normal control volunteers. In two-dimensional isoelectric focusing/SDS-PAGE the 37,000-and 34,000-dalton polypeptides focus to the same isoelectric point. In F.B. they are both shifted towards higher pH by an Similar results were obtained when 0°C extract from the mother (E.B.) of two of the patients was fractionated by gel filtration. The spectrin dimers produced a greater increase in the 74,000-dalton polypeptide and decrease in the 80,000-and 22,000-dalton polypeptides as compared with both spectrin tetramers and high-molecular weight complex (Fig. 9) . The decrease in the 22,000-dalton polypeptide in the dimer peak is more readily visualized when the enzyme to substrate ratio is 1:25 (Fig. 9B ).
DISCUSSION
The peptide pattern produced by limited tryptic digestion of spectrin from all three HPP patients in this study showed a comparable decrease in the 80,000-dalton polypeptide and increase in the 74,000-dalton polypeptide (Table I ). The 80,000-dalton polypeptide is equivalent to the functional domain of the a-chain involved in spectrin dimer-dimer contract described by Morrow et al. (11) in terms of sensitivity to trypsin, molecular mass, and isoelectric point. The fact that the functional domain involved in spectrin tetramer formation is affected in HPP is consistent with our previous observation of defective dimer association of HPP spectrin (8, (11) (12) (13) Isolated Sp-D, Sp-T, and HMW from the mother (E.B.) of one of the probands digested at an enzyme to substrate ratio of 1:25. certain. This possibility is suggested by the finding that trypsin is capable of removing a 6,000-dalton terminal portion of the 80,000-dalton polypeptide (13) . The resulting 74,000-dalton polypeptide no longer has the ability to bind to native spectrin (13) . On the basis of the above data, we propose that HPP spectrin is functionally defective because of a conformational change that affects the 80,000-dalton dimer contact site, rendering it more susceptible to further degradation to 74,000 daltons. Two-dimensional "fingerprinting" is currently underway in our laboratory to establish that the 74,000-dalton polypeptide is in fact derived from the 80,000-dalton polypeptide. The decrease in the 80,000-dalton polypeptide and the quantity of 74,000-dalton polypeptide observed in tryptic digests of the HPP patients and the asymptomatic carriers was proportional to the amount of dimer in their 0°C extracts (Table I ). The differences observed in the tryptic peptide pattern are not due to differences in the proteolysis of spectrin dimer vs. tetramer: as shown in Fig. 2 the same peptide pattern is observed for normal spectrin both in the dimeric and tetrameric forms. As indicated by the tryptic digestion of spectrin dimers and tetramers, which were isolated from 0°C extracts of the HPP patients A.B. and N.E. and the asymptomatic carrier E.B. the quantity of 80,000-and 74,000-dalton polypeptides reflect the percentage of presumed mutant spectrin, which is principally in the dimeric form.
Based on the fact that HPP patients frequently have two clinically normal parents, HPP is considered an autosomal recessive disease; both parents are presumed heterozygous carriers of HPP and their affected progeny would be homozygous. The molecular characterization presented here has some implications regarding the genetics of this disease. The fact that the increase in the 74,000-and decrease in 80,000-and 22,000-dalton polypeptides is confined almost exclusively to the spectrin dimer pool, both in the HPP patient A.B. and his asymptomatic mother (E.B.), indicates that these individuals have two pools of spectrin; the normal spectrin molecules are principally tetrameric, while the abnormal spectrin molecules are principally dimeric. Thus, the data presented here does indicate that the asymptomatic mothers (E.B. and C.E;) are heterozygous for HPP and do contain a population of functionally defective spectrin molecules. These individuals can be described as carriers of HPP trait. In the case of the HPP patients, the heterogenity in tryptic peptide pattern for spectrin dimers and tetramers isolated from both A.B. and N.E. in conjunction with the fact that their fathers (F.B. and D.C.) have normal spectrin dimer levels and normal amounts of 80,000-and 74,000-dalton polypeptides indicates that these HPP probands are not homozygotes for the HPP defect (Table I) (6) is unaffected by spectrin phosphorylation, the effect of methylation, acetylation, or proteolytic damage has not been studied. The peptide pattern produced by limited tryptic digestion of HPP patient extracts was found to be constant during the course of this study. The probands ranged in age from 1.5 to 14 yr and were from two unrelated families. In addition, the decrease in mechanical stability of triton shells and the increase in the amount of spectrin dimers present in 0°C extracts correlated well with the magnitude of changes in the tryptic peptides (Table I) . These changes in the tryptic peptide pattern have not been found in any other disease state except for a subpopulation of HE, also characterized by defective spectrin self-association (9) . In contrast to HPP, these patients exhibit an autosomal dominant mode of inheritance. The increase in the amount of spectrin dimers in 0°C extracts is comparable to that of the asymptomatic HPP carriers. Whether or not the same, or a very similar, genetic defect is involved is uncertain. The possibility that the same genetic defect is involved is supported by the following observations that suggest a link between HPP and some forms of HE: (a) HPP is clinically and morphologically similar to homozygous, mild HE; (b) spectrin and erythrocyte heat stability are decreased in HPP and some forms of HE, particularly during infancy; and (c) both conditions are present in some families (26, 27) . We are currently using two-dimensional peptide fingerprinting to compare normal, HPP, and HE spectrins. If the same genetic defect is present in HPP and some forms of HE, then it may be that other, as yet unidentified, factors can affect erythrocyte morphology and determine the clinical presentation. We are also studying patients that make the transition from HPP to HE in their infancy, in an effort to further elucidate these questions.
